Electrolytic diffusing method was conducted at 500 C to prepare Mg-Li-Al-Zn master alloy in air. It was also explored for the melting and casting of Mg-Li alloy in air, as the Mg-Li-Al-Zn master alloy used as raw material. A mixture of 45 mass% lithium chloride (LiCl) and 55 mass% potassium chloride (KCl) was employed as the electrolyte. Mg-9 mass%Al-1 mass% Zn (AZ91) alloy was used as cathode material while graphite selected as anode. Experimental results showed that the electrolysis current linearly depended on the applied working voltage. Deposition of lithium occurred on the cathode surface. After the electrolysis experiments, Mg-12 mass% Li-9 mass% Al-1 mass% Zn alloy sheet can be obtained. At working voltage of 4.2 V and one hour electrolysis, the hexagonal-closed-pack AZ91D sheet (1.5-mm thickness) was fully converted to body-centered-cubic Mg-Li-Al-Zn alloy. The formation of Mg-Li phase during electrolysis was studied by inductively coupled plasma-atomic emission spectrometer (ICP), X-ray diffraction, and optical microscopy. It is diffusion rather than deposition rate (electrolysis current) that controlled the depth of Mg-Li phase formed in the cathode sample. The Mg-Li-Al-Zn alloy used as master alloys could be melted and casted in air without ignition. However, the content of lithium in the as-cast block was reduced to 3.77 mass%, properly due to oxidation of lithium metal during melting.
Introduction
Magnesium and its alloys have high specific strength, good thermal conductivity, and are recyclable. 1) However, poor cold forming capability limits the development of the alloy. Addition of over 10.3 mass% lithium into magnesium will convert the hexagonal closed pack (HCP) structure to body centered cubic (BCC) lattice, improving formability of the alloy, and reduce its density. [2] [3] [4] Besides, binary Mg-Li alloy and ternary Mg-Li-Al alloy can be the anodic materials in primary battery systems. 5) According to Sahoo and Atkinson, 5) the Mg-Li-Al alloy can consistently give higher voltages and perform better discharge characteristics.
Conventional way to produce Mg-Li alloy and Mg-Li-Al alloy is ingot metallurgy method, with careful lithium handling in a vacuum melting system. [5] [6] [7] On the other hand, due to high diffusion coefficients of lithium in Li-Mg ( phase) alloy ($10 À6 cm 2 s À1 at 420 C), 8) Smolinski 9) performed electrolysis of the fused salt bath composed of 55 mass% LiCl and 45 mass% KCl at 500 C. In the electrolytic cell, graphite has been used as the anode, and pure magnesium was cathode. Basically, the chlorides are decomposed into metal ions and chlorine ions during electrolysis. The metal ions form into metal atoms by a reducing reaction at the surface of cathode. The metal atoms then diffuse into the magnesium matrix. According to Smolinski, 9) it takes four hours to obtain a Mg-Li sample with 1.65 mm thickness following the electrolytic diffusing process. Beside, the sodium content in the Mg-Li sample was up to 0.026 mass%, and the content of potassium in the cathode sample after electrolysis was not examined in previous study. 9) In present study, AZ91 Mg-Al-Zn alloy, rather than pure magnesium metal, was selected to be the cathode material. As a result, less time was needed to covert the AZ91 cathode into Mg-Li-Al-Zn alloy. The BCC Mg-Li-Al-Zn alloy with low concentrations of potassium and sodium was produced in air by controlling a suitable DC voltage. In addition, the feasibility of melting and casting Mg-Li-Al-Zn alloy in air was confirmed by this study.
Experimental Procedures
A mixture of 45 mass% lithium chloride (LiCl) and 55 mass% potassium chloride (KCl) was employed as the electrolyte. Both chlorides were commercial grade. The chloride mixture is in the eutectic composition of LiCl-KCl system with a eutectic temperature of 354 C. 10) The electrolytic cell used in this study is schematically illustrated in Fig. 1 . As indicated, the cathode is Mg-9 mass% Al-1 mass% Zn (AZ91D) alloy. It had 1.5 mm in thickness, 20 mm and 80 mm for the width and length. The anode was a graphite bar. The molten electrolyte was kept at 500 C in a crucible. Electrolysis was carried out as the power supply unit applied a constant voltage to the electrolytic cell. Voltages from 3.4 to 4.2 V were used in current study. For each voltage, the time for electrolytic deposition is one hour. In addition, the AZ91 samples with 3 mm in thickness, 45, and 60 mm for the width and length were also taken as cathode. At 4.2 V, the times for electrolytic deposition were 10, 30, 60, 90, 120, and 180 min, respectively, to see the thickness of Mg-Li phase as a function of time.
Mg-Li-Al-Zn master alloy was prepared by the electrolytic diffusing method mentioned above. The master alloy was then melted in air under a gas protective atmosphere of 99.8 vol% (volume percent) dried air and 0.2 vol% SF 6 . The molten Mg-Li-Al-Zn alloy was poured into sand mold (10 Â 50 Â 100 mm 3 ). The pouring temperature is 720 C. The microstructures were studied by optical microscopy and scanning electron microscopy (SEM). Chemical compositions of the samples were analyzed by inductively coupled plasma-atomic emission spectrometer (ICP). The X-ray diffraction analysis was performed with an X-ray diffractometer by means of Cu K radiation at 40 Kv. An X-ray scanning speed of 1 deg/min was employed in the experiment.
Results and Discussion
For the electrolysis in LiCl-KCl salt bath, Fig. 2 illustrates the electrolysis current versus working voltage of the electrolytic cell. The current was changed almost linearly with working voltage. Figures 3(a) through (e) showed the optical micrographs of the samples after electrolytic diffusing at working voltage of 3.4, 3.6, 3.8, 4, and 4.2 V for 1 h at 500 C, respectively. Figure 4 (spectra (a) to (e)) showed the X-Ray diffraction results of the samples after electrolytic diffusing at working voltage of 3.4, 3.6, 3.8, 4, and 4.2 V for 1 h at 500 C, respectively. The X-ray peaks in Fig. 4 were indexed following the previous study about the crystal structure of Mg-Li alloy. 11) As indicated in Figs. 3(a), (b) and (c) the diffusing layers consisted of the mixture of -Mg phase (i.e., HCP Mg phase) and BCC Mg phase. Furthermore, it could be observed that the fine needle-shape -Mg phase (in bright color) distributed in the gray BCC Mg matrix. Similar microstructure can be found in previous studies about the Mg-Li alloys casted by ingot metallurgy method. 4, 12) The total diffusing thickness (including the mixture layer) was $50 mm for 3.4 V/1 h. A higher applied voltage caused it up to $300 mm for 3.6 V/1 h and $600 mm for 3.8 V/1 h, respectively. The X-Ray diffraction spectra for the electrolytic diffusing samples 3.4, 3.6 and 3.8 V/1 h were indicated in Fig. 4 . The samples of 3.4 and 3.6 V/1 h (spectra (a) and (b)) showed weak crystalline BCC Mg peaks, while the sample at 3.8 V/1 h (spectrum (c)) revealed typically sharp crystalline BCC Mg peaks. Figures 3(d) and (e) showed optical micrographs of the samples after electrolytic diffusing at working voltage of 4 V and 4.2 V for 1 h. The samples were full charged by lithium, converting the original HCP Mg phase into BCC Mg, as shown in Figs. 3(d) and (e) for microstructure, and Fig. 4 (spectra (d) , (e)) for X-ray data. As the spectra (d) and (e) depicted in Fig. 4 , the X-ray diffraction patterns for the samples of 4 V/1 h and 4.2 V/1 h showed that only sharp BCC Mg peaks and AlLi peaks were identified.
The lithium content in each of the samples after electrolytic diffusing at working voltage from 3.4 to 4.2 V for 1 h was determined by ICP. Figure 5 showed the lithium content versus working voltage. The composition of lithium increased with working voltage. According to the microstructural results in Fig. 3 , the thickness of diffusing layers also increased with the working voltage. At 4.2 V for 1 h electrolysis, microstructural observation and X-ray data (Fig. 4 , spectrum (e)) showed that the sample with HCP crystal structure has been totally transformed into BCC crystal structure. The chemical composition of the sample after the electrolytic diffusing at working voltage of 4.2 V for 1 h was show in Table 1 (c.f., the composition of the original AZ91 sample in Table 1 ). As shown, the sample contained 12.1 mass% of lithium. Nevertheless, the content of potassium was only 0.133 mass%. Therefore, following Fig. 3 through Fig. 5 , the increase of diffusing layer thickness and the phase transition were both evidently due to the electrolytic diffusing of lithium into the AZ91D matrix. However, since there was 55 mass% of potassium chloride in the molten electrolyte salt and the theoretical decomposition potential of KCl is 3.755 V 13) (3.646 V for LiCl 13) ), it raises a question of how the potassium did not massively deposit on cathode surface and diffuse into the matrix of the cathode material. The reason is still not clear but our recent research points to the formation of the diffusing layer of BCC Mg-Li phase as initially considered. It deserves further exploration. The content of sodium (the impurity) in the Mg-12.1Li-8.3Al-0.62Zn alloy that prepared in this study was only 0.007 mass% (see Table 1 ) after electrolysis. The sodium content was much lower than the 0.026 mass% of sodium of previous study, 9) while the lithium content was nearly the same as $12 mass%.
The AZ91 samples with 3 mm in thickness, 45, and 60 mm for the width and length were taken as cathode for investigating the thickness of Mg-Li phase as a function of electrolytic diffusing time. Here, the Mg-Li phase includes the BCC Mg layer and BCC Mg plus -Mg composite layer in the sample (e.g., see Fig. 3(c) ). The applied voltage was fixed at 4.2 V. Figure 6 depicts the thickness of Mg-Li phase versus the square root of electrolysis time. As shown, the thickness linearly depends on the square root of electrolysis time. Since the electrolysis was carried out at a fixed temperature (500 C), the diffusion coefficient was assumed to be the same. Thus, the linear dependence indicated in Fig. 6 suggested that the formation of the Mg-Li phase was probably due to diffusion control. 14) Under diffusion control, it may help to interpret and to understand the experimental results of Fig. 2 and Fig. 5 . In Fig. 2 , the electrolysis current exhibited linear proportionality to the working voltage. It appeared that high working voltage caused high rate of lithium deposition on cathode. It is part of the reason why 4.2 V/1 h electrolysis resulted in total conversion of -Mg into BCC Mg (see Fig. 3(e) ) whereas 3.6 V/1 h did not have this result (see Fig. 3(b) ). Figure 7 provided further information about the lithium deposition, showing the electrolysis current (I) vs. electrolysis time (t) for the working voltages at 3.6, 3.9 and 4.2 V, respectively. The total electrolysis time was 1 h. As indicated in the plot, the current slightly decreased as a function of the electrolysis time. Although the OM micrographs in Fig. 3 showed the Mg-Li phase layer at 4.2 V was noticeably thicker than those of 3.6 V and 3.8 V, each I-t curve had similar decreasing tendency. Moreover, the I-t curve of 4.2 V kept a steady slight decreasing rate as a function of time (t). The current of working voltage 4.2 V did not have a noticeable decrease in relation to the electrolysis time. This suggested that the increasing thickness of Mg-Li phase did not substantially hindered the deposition of lithium atoms on the cathodic material. Figure 7 helped to explain the data in Fig. 2 that high lithium deposition rate occurred when the working voltage was larger than 3.9 V (the linear I-V relation from 3.4 to 4.2 V). However, Fig. 5 showed that the linear dependence between the lithium content in cathode and the working voltage had different slope in different range. The slope became smaller after working voltage at 3.9 V. Since deposition and diffusion are two important factors to determine the concentration of lithium in cathode materials after electrolysis, 9) it came into view that lithium passing from surface to the interior of cathode became difficult as the lithium had to diffuse through the increasing depth of Mg-Li phase. Therefore, although high deposition rate (high electrolysis current) resulted in highly increased depth of Mg-Li phase due to the working voltages higher than 3.9 V (Figs. 2 and 3) , Fig. 5 showed that the lithium content in cathode material actually was not that high. That is, because the Li diffusion became diffcult when the thickness of Mg-Li phase increased, the expected content of lithium was unable to obtain in the cathode when the working voltages were higher than 3.9 V.
The process of melting and casting in air for Mg-Li alloy was carried out. The cathode material (AZ91) was converted into the Mg-12.1Li-8.3Al-0.62Zn master alloy, as the chemical composition listed in Table 1 . The master alloy was melted under a dry air and SF 6 mixture atmosphere. In steel crucible there were great deals of oxide slug covering the melt. It is probably due to the oxidation of the lithium metal. The molten melt was poured into sand mold at 720 C. After solidification, the casting block with riser was showed in Fig. 8(a) . Figure 8 (b) illustrated the block after machining. Table 2 showed the chemical composition of the as-cast block. The content of lithium in the as-cast block was reduced to 3.77 mass%, due to the oxidation. Figures 9(a) and (b) showed the as-cast microstructures of the Mg-3.77 Li-8.6 Al-0.75 Zn alloy (in mass%). As indicated in Fig. 9(a) , interdendritic network structure was observed. The microstructural details in Fig. 9 (b) were found from the interdendritic structure in high magnification. The Mg 17 Al 12 precipitates appear in two morphologies, plate-like shape and small lamellar precipitates. Similar structure can be found in a previous study by Song et al. 15) Figure 10 (spectrum (b)) showed the X-ray diffraction pattern of the as-cast Mg-LiAl-Zn alloy. For comparison, an X-ray spectrum of AZ91 was also indicated in Fig. 10 (spectrum (a) ). As illustrated in Fig. 10 (spectrum (b) ), except typical sharp crystalline magnesium peaks and Mg 17 Al 12 peaks, the X-ray patterns of the as-cast Mg-Li-Al-Zn alloy showed some AlLi peaks, which were also observed in Fig. 4 . These peaks were due to the 3.77 mass% of lithium contained in the alloy. Furthermore, the x-ray data showed that there were no BCC Mg peaks in the spectrum, probably due to only 3.77 mass% of lithium in the alloy. Although the as-cast Mg-Li-Al-Zn alloy is in HCP structure, a recent study 16) shows that HCP Mg-Li alloys containing 4 mass% of lithium exhibit a significantly increased ductility, as compared to the alloys without lithium.
The electrolytic diffusing method and the whole process of melting and casting in air for Mg-Li-Al-Zn alloy need to be improve to increase the efficiency of BCC Mg-Li phase formation during electrolysis, and to decrease the depletion of lithium during melting.
Conclusion
According to the preceding results and discussion, the following conclusions can be drawn.
(1) The electrolysis current linearly depended on the applied working voltage. Lithium content in cathode material exhibited linear dependence to working voltage. However, the slope of the linear relationship was closely related to the range of the voltage. The linear slope is small in the range of the working voltages higher than 3.9 V. It is diffusion rather than deposition rate (electrolysis current) that controlled the depth of Mg-Li phase formed in the cathode sample. (2) At working voltage of 4.2 V, the 1.5-mm thick AZ91 cathode sample (hexagonal-closed-pack (HCP) structure) was diffused right through from both faces by lithium atoms in 1 h. The sample was totally converted into body-centered-cubic (BCC) structure. The lithium content was 12.1 mass% while the potassium content and sodium content was 0.133 and 0.007 mass%, Table 1 ) was used as the raw material for the melting. 
